Atomic deposition on a surface can be controlled at the nanometre scale by means of optical and magnetic forces. Impingement of atoms on the surface can lead to growth of a structured array (direct deposition) or to chemical modifications of the surface (neutral atom lithography). In this report we survey requirements, present the current results, and explore the potential applications of this method of nanofabrication.
Introduction

Background
The advent of laser cooling in the 1980s has stimulated the development of many different methods to control the motion of free, neutral atoms using forces that arise from their interaction with laser light or magnetic fields [1] . Laser cooling has provided atomic beams with low velocities (kinetic energies), and has strongly enhanced their brightness, brilliance and phase space density [2] . As a result, even feeble forces such as the dipole force of laser light acting on an induced atomic dipole moment, and magnetic forces on paramagnetic atoms, can now be used for precise control of the motion of atoms in beams. This has given rise to the field of atom optics.
The original developments of atom optics date back to the early days of atomic beams in the 1920s when inhomogeneous magnetic fields acted on atomic magnetic moments in the famous experiments by Stern and Gerlach [3, 4] . Only a few years later Frisch performed a similarly pioneering experiment in atom optics by deflecting an atomic beam with light pressure [5] . However, the development of truly useful atom optical elements such as lenses and mirrors only became possible after laser cooling had provided the methods for precise control of atomic motion [6] .
Atom optical tools are now being explored for various applications. One of these is the production of patterns and 1 Permanent address: Physics Department, Suny, Stony Brook, NY 11794-3800, USA.
of images generated by atomic beams incident on suitable surfaces. Generating structures this way should appropriately be called atomic nanofabrication (ANF). Such arrays have intrinsic nanometre dimensions since the typical scale of optical interferences is of the order of half wavelength, i.e. in the sub-micrometre domain. Hence, it is interesting to explore the potentials and physical limits of nanostructure manufacturing with current and foreseeable atomic beam technology.
Successful ANF requires suitably prepared atomic samples that can be manipulated in the desired way, and the techniques for such manipulation. The most common method is to exploit the capabilities of lasers for both sample preparation and atom manipulation. Needless to say, the requirements of the light beams for such disparate purposes are usually sufficiently different that a single laser cannot be used for both. In fact, it is more often the case that multiple laser beams are needed for each purpose.
Magnetic forces offer an alternative route towards control of atomic motion, albeit not intrinsically at nanometre scales. Magnetic atom optical elements have been constructed many decades ago [7] [8] [9] . Imaging applications, however, have only become possible since atomic beams with well controlled properties became available through laser cooling [10] . An interesting question is whether magnetic lenses and mirrors can be constructed to such a precision that sub-micron imaging applications become feasible. Magnetic guides at the micron scale have already been demonstrated indicating prospects of this force [11] . The purpose of this paper is to review the present status of the different branches of the experimental art of ANF, and to discuss further possible applications. Basic properties of ANF can be well understood with a simple one-dimensional standing wave which is thus extensively treated, as is also the case in experiments. Two-dimensional and even three-dimensional nanofabrication aspects make an attractive application of ANF and are discussed as well.
Early ANF experiments
The simplest example of ANF by optical forces is obtained using a standing wave light field serving as an immaterial focusing mask on a suitable substrate, as shown in figure 1. The energy levels of atoms are shifted as they pass through the light field. This light shift is zero at the nodes, but not elsewhere so its spatial non-uniformity corresponds to a spatially varying potential whose gradient results in a force. For the case shown in figure 1, this force is along the direction of the k-vectors of the standing wave. Because of these optical forces on the incident atoms, the standing wave acts as an array of microscopic lenses with apertures of the order of the wavelength of light. These lenses focus appropriately directed atoms in an incident beam toward the optical nodes or antinodes, depending on the sign of the difference between the atomic and laser frequencies.
This method was first implemented by Timp and colleagues with a beam of sodium atoms deposited on a glass substrate [12] . Because of the chemical instability of sodium in air, their fabricated structure could not survive removal from the vacuum chamber. A significant advance was later achieved when McClelland and co-workers [13] successfully applied the method to chromium atoms, and showed that both high resolution (below 100 nm) and external processing of extended surfaces were possible.
In both of these experiments, atoms were deposited in an array of lines on a surface with a structure transferred from the gradient of the intensity distribution of the standing wave light field applied above the surface acting as an immaterial focusing or proximity mask (see figure 1 ). This direct deposition (DD) technique forms one of the two main branches of ANF. It has been extended to make atomic arrangements in two dimensions [14, 15] , and appears to offer unique promises for [22] .
the application of ANF to much more sophisticated structures [16] [17] [18] . While such DD techniques produce a physical surface modification, the second branch of ANF causes chemical modification of a surface. Berggren and co-workers [19] have demonstrated the modification of the chemical properties of a thin film made from a self-assembled monolayer (SAM) of organic molecules on a surface. They used a beam of metastable argon atoms patterned by a mechanical mask instead of by optical forces as described above. After wet etching, the structure of the shadow mask was precisely reconstructed.
This method of neutral atom lithography (NAL) is completely analogous to ordinary resist-based methods such as optical or e-beam technologies that are at the heart of most conventional lithography processes [20] . Such NAL has been implemented with other atoms [21] , and it was also successfully combined with the use of immaterial (i.e. optical) light masks [22] (see figure 2 ) and the exploitation of degrees of freedom associated with internal atomic structure [23] .
There are important similarities and differences between the two branches of ANF, DD and NAL. Obviously, in both cases atomic samples are required that can conveniently be formed into beams and that have optical transitions that are readily accessible with available lasers. Differences are determined by the interaction with the surface. In DD atom arrivals must be accumulated for growth of structures, while in NAL atoms cause local chemical modification of the surface. As a consequence, NAL can be applied to a much wider range of substances, including organic materials. The only requirements are vacuum compatibility and etching ability. Another important similarity of both branches is that the structure formation is strongly affected by migration, agglomeration and local interaction of the atoms deposited on the surface. Although the explicit behaviour of such properties has not been widely investigated, details of the atom-surface interaction will certainly play a crucial role in the future applications of ANF. Note that DD growth is quite different from typical epitaxial growth, where the aim is to deposit smoothly several uniform layers having no transverse structure [24] .
Light masks for ANF
Optical dipole forces
Dissipative light forces are necessary for the laser cooling that prepares atomic beams with a small solid angle of divergence
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Topical Review (or beam spread) , and enhanced flux density F/A (see section 3.1). By contrast, conservative dipole forces that derive from the gradient of the light shift are primarily used for steering atoms into the desired patterns for ANF [6] . These gradients typically arise in a light field constructed from several beams propagating in different directions. The use of a such a spatially modulated light field as an immaterial, defect-free mask to transform its intensity distribution to a pattern on a substrate has contributed to the interest aroused by this method of nanofabrication.
The optical dipole force acting on an atom with resonance frequency ω A in a laser field of detuning δ = ω L − ω A is derived from the spatial variation of the light shift ω ls (r) [1] . For a single laser beam travelling in the x-direction with Rabi frequency , the light shift is given by
For sufficiently large detuning δ , approximation of equation (1) 3 τ is the saturation intensity, and τ ≡ 1/γ is the atomic excited state lifetime.
In a standing wave with δ , ω ls = ω ls (x) varies sinusoidally from node to antinode and also spontaneous emission is inhibited so thathω ls (x) may be treated as a potential U(x). The resulting dipole force is
where I (x) = I max f (x) is the total intensity distribution of the standing wave light field of period λ/2, I max is the maximum intensity, and f (x) describes the normalized modulation of the light field. For such a standing wave, the optical electric field (and the Rabi frequency) at the antinodes is double that of each travelling wave that composes it, and so the total intensity I max at the antinodes is four times that of the single travelling wave.
Once the light field intensity distribution is known, atomic trajectories may be calculated from purely classical equations of motion. From these calculations, atom optical properties can be numerically studied with sufficient precision to understand their basic properties. Figure 3 shows an example of an atomic beam focused using the dipole forces of a standing wave beam.
Properties of a single standing wave atom lens
The simplest possible light force lens is formed by a onedimensional standing wave, as shown in figure 1 . The dipole potential of equation (2) is given by U(x) = U max sin 2 kx, and a single lens extends from x = −λ/4 to x = +λ/4. In the vicinity of x = 0, we find harmonic oscillations with a period T osc = 2π √ M/U where U ≡ ∂ 2 U (x)/∂x 2 | x=0 and M = atomic mass. A Gaussian intensity profile given by I (z) = I max exp(−z 2 /w 2 0 ), w 0 is the beam waist radius, is assumed in the z-direction, but may be replaced by a square profile for some simple estimates. 
Thin lenses, thick lenses.
There are two quite different limiting cases for the focusing of atoms moving through such a standing wave light field, in close correspondence with conventional optics. In the 'thin lens' limit, the atomic displacement while in the light field is small compared to the initial value of x, and after leaving the light field, atoms travel a considerable distance to the substrate. In this case, their transverse velocity is changed by v ⊥ (x) = 2F (x)w 0 /Mv (where the longitudinal velocity v v ⊥ ) and so atoms moving initially parallel to the x-axis cross it at a distance [26] 
where KE is their kinetic energy. In the opposite limit ('thick lens') the light force atom lens closely resembles the graded index (GRIN) lens of traditional optics. The atoms cross the x-axis while still in the light field and thus still subject to the optical dipole force. Replacing the Gaussian beam profile with a constant intensity value, we find that the atoms cross the x-axis at a distance
While f thin and f thick are very different kinds of quantities, in both cases they are calculated for the paraxial approximation. For strong focusing, we need a short focal length f and hence the thick lens regime is desirable. Inspection of R19 equations (3) and (4) furthermore shows that the dependence on chromatic aberrations ( √ q vs q where q = KE/U ) is reduced in this case, too. Increasing the dipole force (e.g. by reducing the detuning |δ| or increasing the intensity I (x)) will take the light force lens from the thin to the thick limit, and at still higher intensities into the 'channelling' regime where atoms experience multiple oscillations while traversing the lens. Numerical analysis shows, however, that in the thick lens limit and contrary to expectations, increasing power no longer decreases the focal length in the usual Gaussian beam profile since focusing already occurs during the entry into the wings of the light field (for details see [26] ) and the principal planes simply move out of the centre.
Focusing to the centre of the light field is a desirable experimental configuration. The laser power P ANF required to realize such focusing does not depend on the radius w 0 of the Gaussian beam ( [26] , equation (23) , where ω r =hk 2 /2M is the recoil frequency).
and hence allows for variation of the focal length. In In figure 3 , the light force lenses concentrates the atomic flux exactly at the centre of the Gaussian beam profile by a suitable choice of parameters according to equation (5) . Both good contrast and sharp focusing are achieved for the paraxial rays of the perfectly collimated atomic beam. To be specific about the deposition result we have defined in figure 4 characteristic parameters primarily for the DD branch of ANF. (For NAL the quantities can be used in close analogy.) The feature 'width' x may expressed in terms of the period, or natural scale length λ/2,
For most nanofabrication processes it is desirable to make the feature width as small as possible, e.g. α < 1/10. Other applications such as the bottom-up growth of photonic crystals which requires an index of refraction modulation at the wavelength scale might tolerate much wider features provided good contrast is achieved. 
Imaging distortions.
In reality, the width of the features is broadened and the contrast is reduced as a consequence of several physical phenomena:
• The atomic beam is not perfectly collimated and hence trajectories with different initial inclinations are focused away from the axis.
• For |x| > λ/8 the harmonic approximation begins to fail, and as shown in figure 3 , atoms are not well focused as a result of 'spherical aberration'.
• Atoms travel at different velocities leading to different focal lengths (see, equations (3) and (4)).
• In the wave regime the Rayleigh diffraction limit of focusing may play a role.
The feature width depends crucially on focusing distortions as listed in table 1 and discussed below. The fidelity of the imaging process in standing waves has been described in great detail in [27, 26, 28] and will only be summarized here.
Beam divergence. The consequence of collimation of the atomic beam with angular spread 2θ can be anticipated from geometrical optics for a thin lens that predicts the smear of the image size to be x ≈ f θ, where f is the focal length of the image-forming lens and x is along the k-vectors of the standing wave light beams.
In the usual experimental configuration, f is chosen to equal the focusing laser beam's waist size w 0 , typically 100λ. In [26, 28] , it is shown that even in this 'thick lens' limit, the focal position of atoms approaching the lens array at an angle θ will be displaced from those with θ = 0 by x = f θ, just as in the thin lens case. Then the focal spot will be smeared by w 0 θ. Thus for an array of lenses as shown in figure 1 , in the usual experimental configuration with f = w 0 , production of features of size αλ/2 requires θ < αλ/4w 0 . This is a rather stringent requirement because the desired value of α may very well be α ∼ 1/10, and the consequent θ < 0.3 mrad is about at or below the limit for Doppler cooling of a beam havinḡ v ∼ 400 m s −1 . These estimates are supported by numerical calculations both in [26, 28] and our own simulations.
The preparation of a well-collimated and transversely cooled beam is hence essential to minimize the severely deleterious effects of even a small angular spread. Effects of atomic beam divergence generally dominate the limits to the minimum feature size. 
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Spherical aberrations. Spherical aberrations of the thin lens case have been analysed in [27, 29] and a numerical extension to the thick lens regime is given in [26, 29] . The latter does not result in an analytic formula but leads by inspection of the results to the conclusion that the spherical aberration contributes by rendering a small unfocused pedestal but does not significantly broaden the focused part. Attempts have been made [30] to experimentally control spherical aberration by supplementing the light field with a mechanical field mask aligned with the light mask. According to the conclusion drawn here this measure should result in an improved contrast, not a narrower feature.
Chromatic aberrations.
In the thin lens regime, the Maxwellian velocity distribution of atoms from a thermal source leads to strong chromatic aberration of atom optical components. Numerical analysis shows the surprising result in the thick lens regime, however, that even for a thermal beam withv/ v ≈ 1 the chromatic distortion on feature size is still tolerable, that in fact beam spread is dominant unless controlled by transverse laser cooling. The numerical analysis is supported by the experimental observation [28] that with increasing light intensity of the lens, the feature width falls to a minimum but only slowly grows again.
The moderate role of spherical and chromatic aberrations in comparison with beam spread is surprising.
As a consequence of these considerations, atomic beams with narrowed velocity spread, although available experimentally, e.g. by supersonic expansion or by longitudinal laser cooling [2] do not offer significant advantages in the focusing properties of light masks.
Diffraction limit. At 200 m s
−1 , the atomic de Broglie wavelengths are typically <50 pm, and so the numerical aperture of the focusing lenses in the array given by λ/4w 0 ∼ 1/400 gives a de Broglie wave diffraction limit of < λ/40, not far from the value α = 1/10 discussed above. As with the estimate for θ, this estimate for x is also supported by numerical calculations, both in [26] and our own simulations. A detailed quantum mechanical analysis is given in [31] .
Spontaneous emission and heating.
Atoms experience transverse heating caused by recoil from spontaneous emission. Heating contributes to the beam spread, but can always be kept small by choosing sufficiently large detuning.
Surface physics and chemistry. In addition to the distortions caused by deviations of atomic trajectories from their idealized path, the physical and chemical interaction of the atoms with the surface will further modify the structural properties generated. In contrast to well-known molecular beam epitaxy (MBE) where the experimental aim is to obtain atomically flat and homogeneous surfaces, ANF attempts to generate structured and inhomogeneous surfaces in a well controlled way. Formation of terraces is obviously influenced by the dynamics of surface adsorbed atoms and was studied for instance by [32, 33] . Very recently there have been attempts [24, 34, 35] to understand the formation of ANF features including atomic dynamics (agglomeration, diffusion) which may cause either enhanced or reduced broadening of focal lines in DD.
In NAL, after the exposure step there are always conventional chemical processes necessary in order to recover the structure imposed, and details of the chemical interaction will determine the structural parameters including feature width. Few investigations of these chemical interactions have been carried out to date (see, e.g. [36] ).
2.2.3.
Conclusion. Thus, we see how elementary considerations of the preparation of the atomic beam for ANF lead to an easily achievable set of parameters for the geometry and laser beam characteristics for ANF in one dimension with typical atoms. Appropriate consideration must be given for different atoms and geometries, and so the sources of these estimates are provided above. Considerable data for many atoms is readily available [1] .
Atomic beams for ANF
The application of atom optics for DD or NAL depends on the availability of suitable beams with sufficient control of atomic velocities, so this section will briefly review their current status. The important parameters for the suitability of a beam for ANF include the total atomic flux F and the distribution of atomic velocities, both longitudinal (monochromaticity) and transverse (collimation).
Atomic flux and beam collimation
The amount of atomic flux needed for efficient ANF depends on the particular application because there are at least two competing factors. On the one hand, only a small part of the substrate surface needs to be exposed to reproduce the desired pattern. For example, writing lines of width x in a resist for NAL as in figure 2 requires an exposure of the fraction 2 x/λ = α < 1 of the total surface. On the other hand, the required dosage per surface unit (surface atom, molecule, unit cell) may be larger than one atom. For NAL it's typically a few atoms, but for DD, a significant buildup surely requires very many atoms per surface unit. An estimate of the necessary flux might be guessed by choosing an average of at least one atom per surface unit. Providing this dosage across a square millimetre of surface with a site density of 6 × 10 12 mm
(4 Å unit cell) requires an incident flux density of 10 11 atoms mm −2 s −1 to reduce exposure times to below 1 min, a rough measure of feasibility for reasonable applications.
Besides the total flux F (atoms s −1 ) and flux density F/A, where A is the beam cross section, other important atomic beam properties are brilliance B and brightness (or also radiance) R, given by
Here, is the solid angle of divergence, andv / v is the longitudinal velocity spread. Brilliance is related to the universal phase space density (the number of atoms per unit phase space volumeh 3 ) through = πB/M 3v4 (M is the atomic mass) [2] .
Although these quantities may be the appropriate figures of merit for many experiments, especially in the quantum gas regime such as BEC studies, they are not the best choice to describe the suitability of atomic beams for ANF. This is because they can increase without limit as either or v approach zero. Although or v need to be small for good ANF, there are lower limits described in section 2.2.2 beyond which the quality of structures fabricated by ANF does not improve. In such a domain, B or R could increase without any benefit to ANF. Although ANF is frequently suggested as an interesting application of coherent matter waves with the ultimate brightness and phase space density, this subject remains completely unexplored to date. In chapter 6, we briefly discuss the prospects of atomic matter waves in ANF.
Besides connecting them to more fundamental quantities, the three factors of B in equation (7) indicate the relevance of different atomic beam properties which we will now treat separately. An outline of essential properties determining parameters of the laser collimated atomic beams is shown in figure 5 .
Flux density (F/A).
In traditional atomic beams, this factor is determined by geometry only, e.g. for paraxial beams the flux density of the source, F S /A S , is reduced to the value F T at the target where
2 ), the target area is A T , and it's at distance 2 R. Transverse laser cooling, or optical collimation, however, can capture all atoms with transverse velocities below v c ∼ γ /k = λ/2πτ , thus significantly enhancing the effective solid angle to cap = π(v c /v ) 2 . In the absence of laser cooling, atoms effusing from the source that would irradiate a surface area A c = cap R 2 are now concentrated onto the target.
The flux density for a laser-cooled beam (LC) can be estimated from is desirable for ANF, the diameter of the source aperture should thus be chosen as large as the target area to be irradiated.
The velocity damping coefficient, defined by F = −βv for Doppler molasses in a two-level atom, is given by [1] 
where ω r ≡hk 2 /2M is the atomic recoil frequency. The velocity damping time M/β for the parameters above is then ∼5/ω r . The capture angle θ c associated with such a choice is (2γ /k)/v , typically 10-20 mrad. Thus it would also be of little value to place the cooling region much closer to the oven than a r c /θ c or several cm.
It is worth noting here that by tilting the collimation laser beams slightly from the perfect orthogonal to the beam axis, and using a combination of mechanical apertures, excellent separation of undesirable components from the laser collimated atomic beam may be achieved. Characteristic values for elements relevant to ANF are collected in table 2.
Collimation (1/
). At the end of the laser collimation stage, the divergence of the atomic beam is determined byv and the transverse velocity distribution, or temperature resulting from laser cooling. The two limiting cases of Doppler (T D ) and recoil temperature (T R ) give rise to divergence angles θ D,R , respectively: Sub-Doppler cooling mechanisms have been described in some detail in [37, 1] , and all atoms listed in table 2 are amenable to these methods. As discussed in section 2.2, excellent collimation is a necessary condition for obtaining narrow feature widths in ANF. In many cases, the Doppler limit may already be sufficient, but even moderate improvement by sub-Doppler cooling forces will generally lower the beam spread to an acceptable quality. Thus, we have
Monochromaticity (v / v ).
A thermal beam is non monochromatic and hasv / v 1. Improvements of the monochromaticity can be obtained in supersonic beams (>10 : 1) or by longitudinal laser cooling (factors 500 have been experimentally demonstrated [2] ). Longitudinal cooling of a thermal beam is, however, a demanding technical effort at the expense of reduced flux density, while it does not significantly reduce the influence of chromatic aberrations. We are led to the conclusion that transversely cooled, thermal beams remain the source of choice for ANF. Atomic matter waves are inherently monochromatic but will be discussed in section 6.
Atomic beam sources for ANF
We may distinguish three different types of atomic beam sources for ANF: thermal atomic beams with transverse laser cooling, variants of slow beams from a magneto-optical trap (MOT, in particular the so-called 2D + -MOT), and the new breed of atom lasers emitting coherent matter waves.
Laser-cooled thermal beams. Most experiments on ANF have been carried out with laser-cooled thermal beams that have been discussed in detail above. It is instructive to rewrite equation (7), evaluated for the target B T , for the case of thermal velocity spreadv / v = 1. Let us assume that all quantities except the source flux have values as achieved at the end of the laser cooling stage as long as the separation to the target is small compared with r c /θ D,R -in other words all atoms from the laser-cooled stage will reach the target, as indicated in figure 5 .
Then, we have B T B LC , and with 2 , we can use the results from chapter 2.2 to find
The condition on the first factor is to keep exposure times reasonable, F (10)) separately for meaningful ANF.
The most flexible parameter in the last part of equation (11) is the source flux F S . Since MOTs and atom lasers have much lower achievable flux than thermal beams, it is clear why thermal but transversely cooled sources are the best choice. In figure 7 , we plot the total target surface area amenable to ANF in 1 min exposure vs the flux density available from several types of atomic beam sources.
For a rough estimate of the source flux required we take A LC = 1 mm 2 , and since 1/ cap = (kv /2γ ) 2 /π is typically of order 10 3 -10 4 , we find that a thermal source producing
14−15 atoms s −1 is a good choice for ANF.
There are also upper limits to the intensity of an effusive thermal beam. An upper bound to the oven density ρ is found from the mean free path for atoms in the oven which should exceed the oven aperture d. We find ρ < 1/σ d, where σ is the hard-sphere collision cross section, typically 10 −14 cm 2 . Thus, ρ < 10 15 atoms cm −3 , corresponding to a pressure below 3 Pa. For a 1 mm diameter oven aperture, the maximum flux would then be F ∼ few×10 17 atoms s −1 , leaving 2-3 orders of magnitude as a dynamic source range for ANF.
Magneto-optical traps, etc. The MOT has become the workhorse of cold atom experiments. Low-velocity atoms with small absolute values of velocity spread are conveniently obtained from such a source, and several methods for the extraction of the trapped ensemble of atoms have been developed. One of the first of these was the low-velocity intense source [38] that produced a continuous beam of 5 × 10 9 atoms s −1 , and a variant of this described in [39] . Both of these produce about the same flux, with a longitudinal velocity spread v < 1 m s −1 , and divergences limited by transverse laser cooling or MOT temperatures. Equation (11) shows that B T becomes smaller for lower T S simply because the divergence angle increases for fixed transverse velocity spread.
Up to now there have been only two ANF experiments that extract atoms from such precooled sources [40, 41] Other beams have even higher brilliance or phase space density, but they all suffer from relatively low flux when considered for applications in ANF. This is because the total flux is the crucial experimental parameter since it determines the exposure time as discussed above, and angular spread or monochromaticity values below a certain threshold do little to improve ANF feature size. Thus atomic beam sources cooled in all three dimensions do not currently offer significant advantages for ANF.
Atom lasers. While conventional concepts of 'ray optics' have proven sufficient for most of these applications, more recently the extraction of atoms from Bose condensates has produced beams of coherent matter waves. Because of their close analogy to conventional lasers, they are called atom lasers and can approach the diffraction limit for atomic de Broglie [53, 62] waves. Their advent has crossed the borderline from classical atomic beams with particle like trajectories to coherent beams of matter waves [43] [44] [45] .
Although such coherent beams of matter waves have extremely high phase space density , their very low flux F makes them unsuitable for ANF at present (see figure 7) . For example, in [44] the phase space density of the BEC is of the order unity and the quoted brightness, or radiance (not brilliance) is huge. But the source is pulsed, and there are only a few million atoms per pulse, and the repetition rate is surely less than 1 Hz, so the total flux is much too small for practical ANF. Still, the extremely high of such sources promises superb atom optical properties whenever diffraction limited operation is essential. They may be useful for deposition into very small areas.
Elements for ANF
The basic requirement for DD is a suitable beam of atoms with a readily accessible laser transition. A suitable atomic beam can be made from an element whose vapour pressure can be raised to the order of 1 mbar with an oven temperature of ∼1000 K or less. This includes the alkali metals and alkaline earths, as well as some transition elements and some group III atoms. A survey of currently known systems is given in table 3 in section 4.
Of course, any material that is a gas at room temperature is suitable, but the only atomic ones are the noble gases. The excitation energy of these is generally outside the range of readily available lasers, and so atomic beams are usually formed with metastable states of these atoms, typically 10-20 eV above the ground state. In fact, it is precisely this stored energy that makes these atoms suitable for NAL. The difficulty is that the metastable states are fragile, and typically can not be populated to a higher fraction than a few ×10 −5 of the gas.
ANF is impractical with molecular gases for the same reason as laser cooling: molecules lack the required closed, cycling transitions because of their very many sublevels. Such closed transitions are required because laser cooling involves a large number of spontaneous emission events [1] . Figure 8 shows those elements that are, at least in principle, candidates for DD, i.e. that are susceptible for the application of light forces. For practical reasons we have omitted those elements whose resonance wavelengths are shorter than 300 nm. The figure includes all the favourite atoms of laser cooling, but also many elements of technological interest such as group III elements and transition metals.
While DD relies on just a single species, NAL requires an atom-surface combination which allows suitable chemical modifications. A survey of currently known systems is given 
Experimental results in ANF
Description of ANF structures
There are a few geometrical measures that characterize nanostructures of the type under discussion here, as shown in figure 4 . The width, or FWHM, is a measure of the spatial resolution or smallest feature size. For DD, the height is determined by total beam flux and exposure time, whereas for NAL it depends on the resist and film preparation, as well as the etching process. For DD, the background can arise from many sources, such as aberrations of the atom optical elements that pattern the atoms, other isotopes in the atomic beam, atoms in states that experience no optical force from the focusing light beams, etc. For NAL, the background also depends on the resist and the film, but can often be essentially zero. The period is related to the wavelength of the focusing light, but as discussed below, can be a small fraction of λ. The contrast, defined as the ratio of height to (height/height + pedestal) (see figure 4) is often a convenient figure of merit for DD.
Fabrication by DD
In DD the flux density pattern of an atomic beam modulated by the patterning mask is translated into the thickness variation of the layers of atoms deposited from the incident beam.
Thus, the nanostructure formation is achieved in a single step. Sometimes it is interesting to combine several methods of nanofabrication. As an example hybrid manufacture of arrays of magnetic wires was demonstrated [60] . Information about several experiments that have been used to make an array of parallel lines, along with some useful data, is collected in table 3.
First experiments with sodium.
The first experimental results in the novel field of ANF were obtained in 1992 at the AT&T Bell Laboratories with directly deposited Na [12] . A thermal Na atomic beam was collimated by two-dimensional 'Doppler' optical molasses resulting in a divergence less than 0.6 mrad, patterned by a one-dimensional standing wave light field (300 µm diameter of the laser beam that constituted the light mask; laser intensity I = 5 W cm −2 ; detuning δ = −100 MHz ∼−10γ ), and deposited onto a silicon substrate. Parallel lines separated by λ/2 = 294 nm were generated extending over 0.2 cm 2 . In this experiment, the linewidth and contrast of the highly reactive Na structures could not be determined because it oxidizes rapidly in air and there was no in situ diagnosis.
Later experiments with Na [61] were optimized by using the lin⊥lin polarization gradient laser cooling scheme [1] , reducing the divergence to less than 0.2 mrad. Furthermore the interaction length of the atoms with the standing wave was decreased by focusing the standing wave laser beam to a waist of 56 µm, leading to a shorter atomic focal length. These improvements resulted in an unprecedent FWHM-linewidth of about 20 nm and a contrast > 0.9, which was determined by an in situ scanning tunneling microscope (STM).
Robust ANF with chromium.
Permanent and robust nanostructures that could be removed from the vacuum chamber were first produced by DD of Cr and described in 1993 [13] . The λ = 425 nm laser beams for the 7 S 3 → 7 P 4 transition were derived from a single dye laser, and sidebands were generated by an acousto-optical modulator (AOM). A thermal Cr atomic beam was formed from an alumina crucible at a temperature of 1575˚C, followed by a 'sub-Doppler' optical molasses in lin⊥lin polarization gradient configuration that collimated the atomic beam divergence to less than 0.2 mrad.
For production of parallel lines spaced by λ/2 = 213 nm, the light mask was formed by a one-dimensional standing wave with a waist of 400 µm, power of 20 mW, and 200 MHz ∼ 40γ blue detuning. Parallel Cr lines extending over more than a mm 2 exhibiting a FWHM linewidth of 66 nm, a height of 34 nm, and a contrast of better than 0.5 was initially achieved (see figure 9 ). More detailed investigations [28] revealed that with the same setup and a systematical investigation the feature width could be narrowed to 29 nm and the contrast improved to a ratio of 0.8. Since calculations accounting for spherical and chromatic aberrations as well as beamspread were predicting a narrower feature width, the excess was attributed to the dynamics of Cr atoms once deposited on the surface. This assumption is supported by the observation of a feature width that decreases with total accumulated flux to a minimum and then increases again. 
Lines separated by less than λ/2.
For intensity gradients acting on an atomic beam the smallest spacing for an array of one-dimensional lines is λ/2. However, the internal magnetic structure of the atoms can also have important effects on optical forces as has been learned from sub-Doppler laser cooling [1] . Such polarization gradient forces have been exploited to produce arrays of lines with spatial periods of only λ/8 [63] . Using a two-dimensional light mask, structures of period λ/3 [16] (see below) have been manufactured. And more recently, blue diode lasers have been shown to deliver sufficiently intense light fields for DD with Cr atoms [64] .
4.2.4.
Aluminium nanostructures from uv-light masks. Elements of group III of the periodic table are of technological interest, and Al has also been used to make permanent nanostructures by DD [53] . UV-light was produced by frequency doubling the output of a 618 nm dye laser to drive the transition from the upper fine structure component of the Al ground state, 3 2 P 3/2 , to the 3 2 D 5/2 excited state. It served both for optical collimation and for the light mask. The thermal atomic beam was generated at an oven temperature of 1400˚C, and collimated in a two-dimensional optical molasses to a remaining divergence of 0.3 mrad. Parallel Lines with a periodicity of λ/2 = 155 nm FWHM, a linewidth of 70 nm, and a height of 3 on 20 nm background [62] could be produced. Since the upper fine structure state, 3 2 P 3/2 , that was used for focusing in these experiments is thermally populated to only 25%, the contrast was limited to small values. This problem may be overcome by application of optical pumping through additional blue lasers.
Resist-based NAL
Resist-based NAL closely resembles the more traditional forms of lithography (figure 10). First a substrate is covered by a resist and placed into an exposure chamber (for NAL, this is an atomic beam vacuum chamber). A pattern is then applied by exposure to a beam of active atoms whose spatial distribution transmits the desired pattern to the resist. Then the substrate must be removed from the vacuum system and processed by standard lithographic techniques, typically wet chemistry (although there may be dry or ion etching techniques on the horizon, a combination has already been demonstrated by Lu et al [65] Figure 10 . This illustrates the general principle of atom lithography. After the resist is prepared (1) the exposure may be done either through a proximity (2-left) or a light mask (2-right). Then the sample is removed from the vacuum system for etching (3) . been found to be effective for NAL, and information about them is collected in table 4.
NAL can be used to pattern almost any material that can be etched, and this includes refractory metals such as Fe and Ni whose magnetic properties may be of special utility. Its breadth makes it especially suitable for fabrication of useful specimens and devices. Among the other advantages of NAL are that it integrates readily into highly developed technologies for device production and nanostructure fabrication, and that the well-known baseline or background problem of DD is readily compensated.
SAMs
, metastable rare gas atoms. NAL with metastable rare gases uses energy deposition to destroy bonds in the polymeric molecules of SAMs that constitute the resist [19, 36] . These organic monolayers are attractive since they can easily be formed by dipping the substrate into a suitable solution [66] . They are typically made up of long-chain molecules of alcanethioles that form oriented monolayers on a surface with their tails sticking upward, almost like the pile of an ordinary carpet. When significant energy is deposited onto one of these molecules, the chain is broken and the molecule is readily removed from the substrate in later processing. Metastable He (He * ) is a popular choice for this application because it has the capability of breaking the bonds in the longest of the SAM chains (typically 12 units) with high efficiency, and since these longer ones provide the most effective resistance against the subsequent etching, the frequency of accidental holes is greatly reduced. Since He* carries more energy than any other metastable atom, it can do this with the lowest dosage, and consequently the fastest exposure and minimum restrictions on the atomic beams and laser control.
Alkalis.
Alkali atoms are not only highly reactive but also excellent candidates for the application of laser cooling and light forces ( [1] ; see periodic table in figure 8 ). Hence experimenters set out to investigate whether alkalis could also be used to chemically modify surfaces such as SAMs. It was indeed demonstrated that results comparing well with metastable rare gases could be obtained with much shorter exposure times of order minutes or less [68, 69] (see table 4 ).
An example of simple structure generated with NAL is shown in figure 2 [22] . Here, light forces from a blue detuned standing wave were used to produce an array of parallel straight lines etched into a 30 nm thick gold layer. Exposure times were typically several minutes, and the light mask was operated with conditions very closely resembling those used for writing parallel lines in DD experiments, i.e. ∼10 mW of laser power and a few hundred megahertz red detuning from the atomic resonance frequency.
The resolution of this specific example is a priori limited to >30 nm by chemical processes resulting from the isotropic etching of the gold layer whose typical thickness is 30 nm. Another SAM, octylsiloxane (ODS), can be formed on Si surfaces covered by a native SiO 2 layer whose negligible thickness promises much improved resolution in etching processes. Spatial features <60 nm were generated to show the feasibility of this lithography process [70] . It was furthermore shown that rare gas atoms cause similar results with the ODSSiO 2 /Si surface [71] as well as with hydrogen-passivated silicon surfaces Si-H/Si [72] .
While most resists can be damaged for etching by the incident atomic beam, it is also possible to use alkalis as an agent to form a locally protective layer. An example of this approach has been achieved with a Rb/Cr surface exposed to a vapour of propylbenzoate [48] .
Contamination resist formation.
A protective layer can also be formed on a surface if, for instance, an adsorbed substance is chemically modified. Although there is no detailed understanding at the molecular level, there is good experimental evidence that the formation of a durable carbonaceous resist occurs in the presence of dilute hydrocarbon vapours (vacuum pump oil) [40, 73, 74] . Good resolution down to about 50 nm has been achieved, but this 'contamination resist' method suffers from long exposure times of order hours. Furthermore, the hydrocarbons are undesirable in many manufacturing processes.
Internal state coding of a pattern.
By optical quenching of the metastable state, it is possible to show that its large internal energy, of order 10 eV for Ar, is responsible for the chemical modification of the SAM. Since metastable atoms are generated through electron collisions in the beam (efficiency 10 −5 ) they have generally low flux resulting in hour long exposure times to obtain a dose of 6-10 Ar atoms per SAM molecule necessary for good etching contrast. Similar contrast results were obtained with a much smaller dose of 0.3 metastable He * atoms per molecule [21] . Thus, the high efficiency of the He * atom, which may be attributed to its large internal energy of about 20 eV, translates into a much shorter exposure time than for other atoms.
Chemical atom-surface interactions are dramatically different for metastable atoms than for their quenched counterpart. With a beam of metastable atoms it is not only possible to provide a pattern through flux density modulation of an atomic beam, as is the case for NAL, but also with a spatial modulation of the internal atomic state populations. For instance, a standing wave of light may cause some atoms to de-excite everywhere except near the nodes of the standing wave field. Because saturation of the quenching transition is highly nonlinear, this process can select reactive atoms in very narrow channels near the optical nodes. The feature size in such an experiment [23, 75] Figure 11 . Time evolution of the effective dipole potential acting on an atom exposed to a modelocked laser. Upper left: an atom traverses a light field and interacts successively with many individual light pulses. Centre from top to bottom: pulses with length τ P cause level shifts reflecting the pulse shape and intensity in the dressed states |e, n (----, unpopulated) and |g, n + 1 (--, always populated). Here e, g indicate the atomic excited and ground state, and n the number of photons in the driving field. At exact resonance these levels are degenerate. For τ P δ 1 an atom in the ground state adiabatically follows the effective potential suggested by the lowest trace and experiences a force derived from the corresponding average potential. mechanical diffraction of the atomic de Broglie wave, rather than by atom optical aberrations of the atom optical lens array.
Focusing with pulsed lasers
An efficient optical dipole force is not necessarily related to continuous atom laser interaction. For instance, although an atom subject to a train of pulses drawn from a typical modelocked laser (pulse width τ P = 100 fs-100 ps, pulse separation 12.5 ns) is nearly always in the dark, it may experience very strong forces during the presence of the pulse. An average dipole potential can be attributed to atom laser interaction provided the adiabatic condition τ P δ 1 is fulfilled, where δ is the detuning characterizing the dipole force in equation (2) . In figure 11 a short intuitive explanation in terms of the so-called 'dressed atom model' is shown [1] . It was experimentally demonstrated that a standing wave derived from a train of intense laser pulses with 80 ps length and 80 MHz repetition rate is able to focus Cs atoms and carry out NAL in exact analogy with a cw laser [76] .
Complex structures
More complex structures than simple one-dimensional arrays of straight lines have already been constructed. A twodimensional light mask was composed for chromium; McClelland et al [14] generated a quadratic mask configuration by crossing two one-dimensional standing waves across the substrate at 90˚. The resulting pattern consisted of quadratically arranged chromium features on an area of 0.02 mm 2 . These features had a height of 12 nm, their FWHM-width was 80 ± 10 nm, respectively.
Drodofsky et al [15] produced Cr-structures arranged in a hexagonal lattice through interference of three laser beams crossing the substrate at 120˚; at positive detuning the deposited chromium forms a honeycomb structure, at negative detuning Cr-dots arrange in a hexagonal symmetry (see figure 12) . Also intensity variations of the contributing laser beams generate diverse features arranged in hexagonal symmetry. Furthermore, a superlattice has been deposited by a small angular misalignment of laser beams in a quadratic symmetry [17] .
Standing waves containing polarization gradients can generate structures with separation even less than λ/2. At NIST, parallel Cr-lines separated by λ/8 have been deposited [63] , using a one-dimensional standing wave in lin⊥lin configuration. In Konstanz a two-dimensional hexagonal light mask in a variant of the lin⊥lin configuration generated a twodimensional pattern of chromium with λ/3 feature spacing [16] . This is attributed to avoided crossings arising from Raman coherences induced between magnetic sublevels of the chromium atom.
Patterning properties of light masks
The optical dipole force causes the flux density of atomic beams to be modulated by the gradients of the induced light shift when it traverses the light mask. The pattern of the intensity distribution is thereby transferred to a surface, either by one step DD or by NAL involving several steps of processing. The modulated light field thus acts as an immaterial light mask and determines the layout of the fabricated structure with lens like properties as discussed in section 2.2.
Disregarding the influence of polarization, any intensity distribution I (x, y) is generated from a superposition of electromagnetic waves E i :
As a rule of thumb, each laser beam with a new direction of the k i -vector adds a new degree of freedom to the pattern formed by the light field. With relatively few laser beams the pattern and its symmetries remain transparent and are easily recognized. Synthesis of the light field is obtained with beamsplitters and mirrors, as was demonstrated in several experiments [15] [16] [17] 63] and summarized in figure 12 .
How complex the structures to be generated with light masks may be and what types of structures can be generated remains an open question. In equation (12) it is straightforward to predict the intensity pattern from the electromagnetic waves known and properly arranged in an experiment. The so-called inverse problem, however, is very difficult to treat. The solution to the mathematical problem
is not known in general, and if it is known, it usually requires a multitude of laser beams to be superposed with interferometric precision.
Multiple beam generation.
A complex pattern generated from multiple beams by superposition from beamsplitters and mirrors becomes rapidly very clumsy. This problem, however, can be solved through the application of well-known optical components capable of transforming simple laser beams into more complicated wavefronts Figure 12 . Gallery of structures generated through ANF. From left to right: one-dimensional standing wave makes straight Cr-lines [13] ; rectangular light mask from crossed standing waves generates rectangular pattern of Cr dots [14] ; 3 laser beams at 120˚make hexagonal Cr pattern [15] ; multi beam light mask generated from a volume hologram makes complex pattern [18] . With permission by McClelland and Pfau.
including diffractive optical elements, volume holograms, controllable mirrors or liquid crystal phase arrays. A volume hologram was prepared and demonstrated to be applicable for the generation of a complex pattern [18, 77] . Analysis of the pattern was simplified in this case since the pattern was generated by interference of the diffracted waves with the strong incoming read-out wave (see below). The experiment also demonstrated that fractional, 'weak' intensity modulation of the light mask is acceptable.
The inverse problem. A known and desired pattern
I (x, y) mathematically requires the solution of the so-called inverse problem suggested by equation (13) . This requires the establishment of a configuration of electromagnetic waves ( {E i e −i(ωt−ki r) }) that reproduces, or least approximates, the pattern by interference [78] . Since the pattern is constructed through interference of individual beams with wave vectors k i , it is natural to investigate the pattern formed in k-or reciprocal space. The pattern is in general composed from all possible difference vectors
If one beam is much stronger than all others, only the difference vectors with this beam will contribute efficiently to pattern formation. Mathematically, in this weak modulation case, we have
which much resembles a conventional Fourier expansion. The k-space of such a situation, corresponding to the right most example figure 12 , is shown in figure 13 . However, wavevectors are still restricted to the two full circles in figure 13 , and conventional Fourier transform can still not be applied.
The k-space picture helps to rapidly understand the pattern of figure 12(4) . The primitive vectors of the Brillouin zone form a two-dimensional-rhombohedral structure, while the four-fold symmetry apparent in figure 12 is also easily identified in reciprocal space. Figure 13 . A simple example of reciprocal space for light mask generation corresponding to the example from [18, 77] and figure 12 . The hatched area shows the primitive Brillouin zone which is two-dimensional-rhombohedral in this case. The central thick pair of arrow indicates the original and strong read-out beam, dashed arrows mark the weaker diffracted beams. The geometry of the pattern is determined from the difference vectors. For a single read-out beam all possible k-vector differences are located on the two circles with radius r = |k|. In general, any difference vector within κ 2|k| can be realized.
ANF for materials with modulated composition-three-dimensional nanofabrication
In ANF, light masks act on selected elements only because of their resonance conditions. If a crystal is grown from several constituents simultaneously, e.g. a III-V semiconductor mixed crystal such as (In, Al)As, DD has the potential to generate spatial modulation of their composition. Modulation periods are at visible wavelengths and hence the corresponding structure may influence optical, electronic, and magnetic properties of the solid.
One very interesting perspective is the growth of novel materials with truly three-dimensional structure, i.e. a superlattice, at nanometre scales. It is obvious that optical dipole forces will cause lateral modulation of the growth process while the composition in the third dimension is controlled by regulating the flux of the constituents.
While it is probably straightforward to implement geometric arrangements for this novel method, dynamics of the growth process will decide whether useful new materials will ultimately be produced with this novel method. Let us point out here that for materials with modulated composition generated with this method a narrow feature width (see section 2.2.2) is less important than good contrast.
A first step in this direction was taken in Konstanz [79] where an array of straight lines of Cr was deposited along with a layer of MgF 2 as host material. The Cr atomic beam was patterned by a one-dimensional standing wave, generating a periodically modulated Cr density within the host material at macroscopic concentrations. Auger electron analysis revealed that the relative concentration of the constituents remains constant.
Some applications of light mask ANF
5.3.1. Rulers. Although complex pattern generation is possible (see section 5) a very natural application of ANF using light masks is the precise generation of large scale periodic structures from simple standing waves useful for length metrology at small scales in microscopy. Several experiments have been carried out [80, 81] and have demonstrated that a resolution of at least 1 in 10 6 can be achieved.
Magnetic nanowire arrays.
The corrugated Cr surface produced through DD (see figure 9 ) was used by Tulchinsky et al [60] to manufacture an array of magnetic nanowires. The sample was irradiated at grazing incidence (10˚) such that the Cr peaks acted as an array of shadow masks and iron was deposited on the slopes oriented towards the beam source. The process resulted in the fabrication of ferromagnetic lines with 100 nm width and 20-40 nm height exhibiting magnetic domains with a typical length of 10 µm.
ANF with atomic pencils
Nanostructure generation atom by atom has become a celebrated method [82] [83] [84] with local scanning probe tools such as the atomic force microscope. With cantilevers, individual atoms or molecules are manipulated on a surface one at a time providing ultimate atomic resolution. The process is serial and slow at an individual site, however, and hence conceptual interest in this method remains open.
Recently it was shown that a cantilever perforated with a very small aperture ranging from 50 to 250 nm can be used as a shadow mask to directly deposit a structure of, e.g. copper wire [85] . With a source of 2 mm diameter and mounted 60 mm away deposition rates of 0.1-2 nm min −1 were obtained. Interestingly enough, the aperture was not clogged by the atomic beam but remained open. It was shown that controlled excursions of the movable sample underneath the cantilever would result in a correspondingly complex structure. Parallel application of this method with many holes ('nanosieves') is also conceivable [86] .
Light forces may potentially be used to enhance performance of the atomic pencil: with laser cooling, atoms emitted from the source can be collimated first (see section 3.1) and then concentrated [87] onto the aperture in order to accelerate writing speed ( figure 14) . Atomic pencils could then serve as versatile nanowiring tools. The low kinetic energy of atoms deposited by the atom pencil method may for instance result in better conduction properties than in nanowires fabricated with energetic focused ion beams.
Optical dipole forces have also been suggested to be used [88, 89] , e.g. as a near field lens inside an aperture of sub wavelength size , promising focusing to a spot of only a few nanometre. In all cases, the atomic flux will usually limit the applicability.
ANF and matter waves
Matter waves have recently been celebrated as the beginning of a new era where conventional atomic beams may be replaced by atom lasers, much in the spirit that for many applications classical light sources have been replaced by coherent laser beams over the past 40-50 years [44, 45, 90, 91] . Consequently ANF is also frequently quoted as an important field of application for coherent matter waves. No experiments have been reported to date, however, in section 3.2, we have already been led to the conclusion that the role of atom lasers in ANF with currently available and foreseeable technology will probably be limited to the exposure of very small samples and areas since, their total flux is very small. Breakthroughs in the performance of atom lasers could rapidly change this situation, of course.
Several concepts for the influence and application of the wave nature of atoms in ANF have been developed, and in some cases even been tested. These lines of research are briefly presented in the following.
Beyond ray optics
In analogy to conventional optics, the wave nature of matter becomes apparent in diffraction and other interference effects. Theoretically, the Kirchhoff treatment of diffraction of visible light leading to Fraunhofer and Fresnel limits is perfectly appropriate to describe diffraction of atomic matter waves. A necessary condition for the observation of diffraction is transverse coherence, quantitatively measured through the 'visibility' of interference fringes. While this condition is intrinsically met with atom lasers, it can also always be fulfilled with classical sources of radiation by reducing the aperture of the source. Although this causes a strong reduction in flux which impairs the usefulness of classical atomic sources for ANF as outlined in section 3.2, a number of inspiring demonstration experiments has been carried out indicating the possible role of matter waves. Note that, in contrast to conventional waves, the atomic constituents of a coherent matter wave undergo s-wave collisions hence causing an intrinsic nonlinearity that has already been demonstrated in the field of nonlinear atom optics. This interaction adds a new element to wave propagation [92] which is well-known from the Gross-Pitaevski equation.
It is natural that most concepts draw on analogies with well-known concepts in light optics. For instance in [93] near field interferences such as the Talbot imaging were suggested to improve resolution in ANF. A theoretical suggestion was also made to transform plane matter waves into a de Broglie wavefront of arbitrary shape through a series of spatially controlled measurements [94] .
Atom holography
Holography has been perceived as an ultimate optical art of imaging ever since its invention [95, 96] , owing to its unique capability of reconstructing full complete wavefronts leaving an object which is thus observed with its three-dimensional appearance. In optics, holographic recording or fabrication of the actual hologram is usually carried out by recording the interference of the light scattered from the object (the signal wave) with a reference wave. Diffracting the reference wave from the hologram then reconstructs the original signal wave. Holographic recording with atoms has not been attempted to date. It has long been known [97] , however, that holograms can also be constructed theoretically, e.g. by a computer and then read-out as before. In the laboratory of Shimizu [41, 98] such holograms have been designed and produced by electron beam lithography. The holograms were illuminated from a source of laser-cooled metastable Ne * atoms with a very small effective aperture in order to achieve sufficient transverse coherence. The extremely high detection efficiency of the metastable Ne atoms by means of a multichannel plate allowed this experiment to be carried out with no more than a total of 10 5 accumulated atoms. The authors encoded different letters into their holograms. Two examples of their beautiful results can be seen in figure 15 : in the first image the letter 'F' was reconstructed from a pure plane amplitude hologram (holes of order 0.1 µm diameter in a SiN membrane). Several diffraction orders of the hologram can be seen.
In a more recent series of experiments, several manipulations of the holograms were implemented in order to improve image quality, resulting in the second image. For these modifications the curvature of the wavefront of the incoming atoms was accounted for by substituting Fresnel for Fraunhofer approximation [99] . Furthermore, electrodes were integrated into the experiment enabling phase control of atoms through the Stark effect. These modifications allowed the experimenters to sharpen the images, to suppress unwanted orders of diffraction and even to electrically switch between different holograms [100] [101] [102] .
The width of the reconstructed letters is of order 1 mm, and the resolution is 60 µm because of the diffraction geometry of the experiment. Ultimately, the resolution is limited by In experiments a classical source with very small aperture was used to enable transverse coherence, but may be replaced by an atom laser in the future. The hologram is designed by computer and realized with a SiN membrane with square holes, The picture shows an SEM image, courtesy and permission of Shimizu [99] .
the de Broglie wavelength of the atoms to several nm only, making atom holography indeed an interesting candidate for ANF with matter waves. Technically, it is not yet possible to realize this limit since it involves further reduction of the aperture and hence atomic flux. For example, the holograms shown in figure 15 took many hours to record. Even so the impressive list of achievements proves the applicability of even the most sophisticated interferometric concepts to matter waves. Very recently it was shown that reflection-type devices can be constructed with excellent quality to perform holographic imaging with atomic matter waves [103] .
Magnetic imaging for ANF
Optical or charged particle imaging systems providing demagnification of material masks constitute one of the most important processing steps in nanostructure fabrication. In analogy with these methods, we discuss the potential of magnetic atom optical elements for structure formation at the nanometre scale. It is in principle known how to construct reflective and refractive optical elements. The applicability of these elements for ANF hinges on the technical quality that can be achieved. The optical dipole force used for ANF can also be used to construct imaging components such as lenses and mirrors. However, magnetic components often complement the capabilities for applications since they are passive components and do not require operation of laser light sources.
Magnetic forces acting on atomic beams are derived from inhomogeneous magnetic fields, that initiated atom optics. In the famous Stern Gerlach experiment in 1921 [3, 4] an atomic beam was deflected by the magnetic force from an inhomogeneous magnetic field. Later on, magnetic hexapole fields were used [7, 104] to focus paramagnetic atomic and molecular beams. The scale of the force is limited by the Bohr magneton µ B = eh/mc, and for thermal atomic beams, the refractive power of available magnetic lenses is small, causing long focal lengths, typically of order 1 m and more. The advent of laser-cooled atomic beams has drastically changed this situation, since they bring the focal length to the cm range and allow the reduction of aberrations caused by longitudinal velocity spread. The general feasibility of magnetic imaging with a magnetic hexapole lens and a slow atomic beam has been shown at mm scales by Kaenders et al [105] . A recent survey of motional control for laser-cooled atoms with magnetic forces was given by Hinds and Hughes [106] .
Atom optical elements with magnetic forces
Atoms with unpaired electrons are generally paramagnetic, including metastable rare gas atoms, and thus subject to forces in an inhomogeneous magnetic field. An atom with magnetic moment µ in a magnetic field B has an interaction energy
and the force is given by its gradient F(r) = ∇(µ · B(r)).
Since we are interested here in the motional properties of paramagnetic atoms, we will mostly neglect details of the relative orientation of atom and field, and assume that the atoms are always prepared in a state which is antiparallel and fully aligned with the field in the stretched m-state. These are the low-field seekers that have µ · B(r) = −µB(r). Evaluation of the force is simplified in this important special case, and we find F(r) = −∇(µB(r)). Furthermore we can take the magnetic moment in the extreme states to be independent of the magnetic field and hence write
where g is the atomic Landé factor. Magnetic atom optical elements are therefore determined by the distribution of the modulus of the magnetic field which translates into an effective potential U mag = gµ B |B(r)|. Figure 16 . Construction of magnetic multipoles from hard permanent magnetic materials with periodic magnetization. From left to right: upper row: cylindrical quadrupole (magnetic 'axicon') and hexapole (magnetic lens), plane periodic array (magnetic mirror); middle: leading terms of the effective magnetic potential; lower row: typical particle beam trajectories.
Magnetic lenses.
Magnetic hexapole fields were used as early as 1951 [7, 104] as lenses to focus beams of paramagnetic atoms and molecules. Large chromatic aberration and long focal lengths caused by the velocity distribution of a thermal atomic beam in these early experiments can be overcome when laser cooling is employed to prepare slow atomic beams with narrow velocity spread [105] . Refractive components [10] such as magnetic lenses or axicons are derived from cylindrical arrangements of currents or magnetized material with azimuthal periodicity. Figure 16 shows simple components made from homogeneously magnetized permanent magnetic material. Construction of pure magnetic multipoles from permanent magnets was pioneered by Halbach [107, 108] . It became known that continuous cylindrical rotation of homogeneous magnetization M 0 (M(ρ, φ) = M 0 (cos (nφ)e ρ + sin (nφ)e φ ) results in a perfect plane magnetic multipole of order n inside the bore with radius ρ = ρ 0 of such a system. The corresponding potential, M = B n /n(ρ/ρ 0 ) n cos (nφ) where B n ∼ µ 0 M 0 depends on details of the geometry [107] , gives rise to a field B = B n (ρ/ρ 0 ) n−1 (cos (nφ)e ρ −sin (nφ)e φ ). The motion of properly oriented atoms is then determined only by the modulus of the magnetic field amplitude,
For n = 2 a quadrupolar field grows linearly with ρ corresponding to an optical axicon, for the n = 3 hexapole field we find harmonic variation making a magnetic lens for paramagnetic atoms ( figure 16 ). In reality, continuous rotation is approximated through a system of segments with stepwise rotated magnetization. Strong permanent magnets have allowed the construction of magnetic lenses with focal lengths as short as a few centimetre for atomic beams travelling at 10-100 m s −1 . Such a lens was used to demonstrate image formation with an atomic beam [105] at the mm scale. The quest for very small structures is impaired by image distortion dominated by chromatic aberrations which can be estimated by ρ ∼ D · v/v for the radius ρ of least confusion and an input beam diameter D. Hence a 1 mm beam would need v/v 10 −3 to enter the sub-micrometer domain, which is possible but costly to prepare. New prospects may arise when coherent matter waves become more widely available as was recently shown by Bloch et al [109] (see section 6).
Magnetic mirrors.
It has been known for a very long time that reflective optics is superior to refractive optics if dominated by chromatic aberrations, and smooth magnetic potential surfaces can be used to construct magnetic mirrors for paramagnetic atoms. Atom optical mirrors can also be obtained with the evanescent light-wave of total internal reflection [110] . For robust applications, however, we expect magnetic mirrors to have an edge over evanescent light-wave mirrors: they are passive components, do not require laser light and can easily subtend a large area.
A plane permanent magnetic mirror (PMM) surface can be obtained 'unwinding' the previous cylindrical concept of Halbach. Alternatively, sinusoidal modulation of a corresponding plane current density distribution with period along the plane can be used to create a current carrying mirror (CMM) [111, 112] 
In the neighbourhood of the surface a magnetic field is generated with rapidly rotating direction B(r) = B(z)((sin(2πx/ )e x + cos(2πx/ )e y ) but with a modulus that only depends on the separation from the surface [106, 112] . Its scaling length is controlled by the period length = 2π/k of the magnetization or current distribution, and for a mirror extending to infinity we find
The surface field strengths B 0 depends on magnetization and current density, respectively, and a geometrical factor α M,I 1. It varies with separation from the surface only. The perfect mirror is formed by an infinitely high potential (large surface field strength for large reflectivity) with infinite steepness (short for negligible chromatic aberrations), and perfect flatness (low imaging distortions). Table 5 summarizes properties of magnetic mirrors achieved in recent experiments.
In reality, continuous variation of magnetization and current density is approximated by a segmented array of magnetic material and wires. This segmentation causes a corrugation of the magnetic field amplitude and hence instead of equation (19) the magnetic amplitude follows
where β M,I is another geometric factor of order 1 or smaller.
Since the corrugation rapidly reduces with distance y from the surface, improved mirror flatness can be expected at larger distances, at the expense of an effectively reduced surface field strength.
Permanent magnetic mirrors
Large surface field strength is conveniently available from state of the art hard permanent magnetic materials (µ r 1) such as SmCo or NdFeB with magnetization M 0 /µ 0 > 1 T, provided the slabs in figure 17 have b in order to obtain a geometric factor a M = (1 − e −2πb/ ) ≈ 1. Excellent reflectivity can then be obtained for atoms travelling with kinetic energy KE/k B = µ B B 0 /k B 1 K towards the surface which is easily achieved with laser-cooled atoms.
Magnetic mirrors with strong surface field strengths have been constructed from permanent magnetic materials [113, 114] . Conventional manufacturing methods segment by segment do not allow simple routes for obtaining short periods , however, so that scaling lengths of order mm have been used. The smoothness of such devices is conceptually impaired by several effects: segmentation and finite size causing corrugation may be 'controlled' by staying away from the surface and adding compensation components such as special segments made from hard [113] or soft [25] magnetic material. Imperfections such as geometric tolerances, magnetization fluctuations, etc cause, however, long range distortions of the mirror surface yielding deformed images [25] . It has also been shown that 'natural' magnetic surfaces such as a cobalt single crystal [116] do show good reflectivity suggesting that control of the domain pattern could make a good mirror. Much better quality atom optical results have been obtained in the laboratory of Hinds [106] with mirrors constructed from magnetic recording material such as video tapes or floppy discs. Although strong magnetization material is used for such components, the geometry factor is generally small, α M 1, and hence cold atoms are essential for their application. Within this restriction it has been shown that good quality atom optical properties (multiple reflections, focusing, etc, measured through the angular spread at specular reflection, table 5) with short periodicities of order 10 µm are readily obtained with these materials. Limitations seem to be imposed by inhomogeneities in the media [120] and magnetization [121] . The shortest periods to date have been obtained by Sidorov et al [117] who manufactured grooved magnetic structures replicated from a nickel master with periods extending below 1 µm and demonstrated good atom optical quality.
Multiple reflections with large reflectivity have been demonstrated with video tape mirrors used at grazing incidence for atoms travelling at moderate velocities [122] . This result shows that more sophisticated mirror arrangements, for instance the Wolter telescope [123] used for imaging at grazing incidence with x-rays, could potentially be implemented with atomic beams, too.
Current carrying mirrors
The creation of magnetic mirrors from arrays of wires is attractive since microelectronic manufacturing methods are available with superb precision. Short period length ( 1 µm) and acceptable mirror flatness is readily achieved. In several experiments the applicability of CCMs has been realized with good results [118, 124] for cold atoms.
The surface field strengths derived from an array of alternating current carrying wires is B 0 = µ 0 I/ . We can calculate that a linear current density of I 1 A µm −1 is required to match the 1 T field strength derived from permanent magnets at the mirror surface. A 10 µm wide copper wire thus needs a 10 A current. With a cross section of 10 × 1 µ 2 a 1 cm 2 area covered with this wire makes a 17 k resistance requiring multi kW power dissipation to be removed from this small area. Hence CCMs seem to be limited to periodicities of about 50 µm.
Status of magnetic projection imaging
Magnetic mirrors offer a conceptually convincing route towards image formation with an atomic beam, and the general feasibility of these atom optical devices has been demonstrated, mostly with cold atoms. While there is no fundamental obstacle, to date atom optical magnetic mirror have not fulfilled requirements to be successful with very high resolution in the sub-micrometre domain. Although CMMs currently offer the best choice in terms of a steep potential and precision manufacturing, they are essentially useful only for very slow atoms which in turn (see section 3.1) are of limited use for ANF. Successful and precise generation of PMMs at lengths scales below 10 µm is advancing [121] and could, however, offer a promising route towards magnetic image formation for ANF.
Conclusions and outlook
The race for miniaturization with ever smaller structures is a scientific and engineering endeavour which we will briefly contrast here with the potentials of ANF. While the original driving force for miniaturization is scientific, the still accelerating pace of this ongoing development is overwhelmingly set by economic mechanisms having led to the current status of the microelectronic industry [125] . This evolution is most clearly stated by Moore's law which predicts the doubling of the number of transistors on a semiconductor chip every 18 months. The semiconductor industry has transformed this prediction into a roadmap [126] towards ever smaller structures.
To date and beyond expectations optical lithography alone has made this technological achievement possible (see table 6 ). Multiply corrected imaging systems as well as advanced mask technologies such as phase shift masking [130] have led to a situation where for a given wavelength the Rayleigh diffraction limit of resolution can always be met. (table 6) . At this level of resolution the gate region of a CMOS transistor continues to operate much like its larger scale relatives, and hence the quest for even smaller structures amenable for mass production is expected to continue. It is currently assumed that extension of manufacturing methods beyond the 65 nm limit must be accompanied by a qualitative change in lithography methods since neither suitable light sources nor optical imaging systems are currently available at these wavelengths. The quest for next generation lithography (NGL) methods hence remains open, although EUV methods employing light sources at λ = 13 nm appear to be the currently favoured candidate. This situation certainly stimulates research for novel methods.
Charged particle lithography relies on resist-based processing steps and is conceptually very similar to optical lithography. At 10 keV electron and ion beams offer short wavelengths in the sub-nanometre domain, and resolution is not bound by the diffraction limit but by other deficiencies at the order of a few nanometre. An alternative method for fabrication of nanoscale structures at the industrial level [127] , however, must not only produce small and narrow feature sizes, but also meet further requirements, e.g. tight tolerances (so-called critical dimension (CD) control), throughput, and many more. The lack of a suitable mask comparable to optical lithography and overcoming serial pattern production has prevented e-beams and ion-beams from fulfilling these extended requirements, even though they have been used and intensely developed for decades. They are, however, indispensable tools for optical mask manufacture and other purposes.
Scanning probe tools have been widely studied means of nanofabrication. They provide ultimate, i.e. atomic resolution demonstrated in beautiful experiments [82] and have inspired many suggestions for applications. Still, the universal applicability of this method is by no means substantiated, and hence the application of scanning probe nanofabrication (SPN) remains an important topic for research laboratories. ANF outlined in this paper has in common with SPN that it directly tries to influence the deposition position of matter at the atomic level on a surface, at least in the DD branch of ANF. Important differences are that ANF without effort manipulates up to 10 17 atoms s −1 while SPN essentially controls one atom or molecule at a time with a single cantilever. ANF on the other hand will most likely never realize the atomic level of resolution intrinsic to SPN.
In conclusion it would be presumptuous to consider ANF to be a serious candidate for replacing optical lithography or any other nanofabrication method for mass production. From the current perspective, ANF may have a competitive edge in scientific and potentially industrial applications where periodic structures play an important role, where the crystal growth of crystals is manipulated in all three dimensions, or where direct writing of structures with certain elements at nanometre scales is of interest.
